Accuracy and quality of DEM are of a great interest for a wide range of applications. In this study, quality of ASTER GDEM and SRTM DEMs were assessed in comparison with DGPS measurements. Impact of DEM resolution upon the accuracy of terrain representation and topographic attributes was also discussed. The study deduced that vertical error has a strong effect on error propagation and this highly obvious in higher elevations as the absolute standard error (SE) ranges between is ±0 -2.5 and ±0 -2.4 m for ASTER GDEM and SRTM respectively. This is reflected on slope and aspect as the vertical errors increase and uncertainty is relatively high in flat and low areas. Error propagation in low lands influenced drainage extraction and resulted in isolated and truncated water courses.
each application, decisions are made on which elevation data to use driven by cost, resolution and accuracy [1] . However, free of charge DEMs (e.g., SRTM, ASTER GDEM) are wide-spread. These data sets provide a spectacular new window on the earth's landforms, but users must understand its limitations [2] , since they suffer from a large number of errors such as gridding and contour artifacts, odd values (i.e., pits and peaks), and incongruity with other elevation data sources.
DEM errors are generally categorized as either systematic, blunders or random [3] . Systematic errors result from procedures or systems of DEM generation and cause bias or artifacts in the final product such as vertical elevation shifts, fictitious features, and improper interpretation of terrain surfaces due to effects of trees, buildings, and shadows.
Blunders errors are vertical errors which exceed the maximum absolute error permitted. They caused by misreading contours, transposing numeric values, erroneous correlations, or careless observations during data collection process.
After removing systematic and blunders errors, the remaining errors are known as random errors. They result owing to accidental and unknown combinations of causes beyond the control of the observer [3] .
These various errors often produce cell or groups of cell values that are artificially lower/higher in altitude than their surrounding cells [4] . Even if errors are small, they can propagate through to large errors in such terrain models and inevitably in the final application [5] .
Since DEM quality is influenced by several factors, e.g., sensor types, algorithm, terrain type, grid spacing and characteristics [6] , DEM accuracy is at stake [7] . DEM accuracy and quality have been reported in many works based on the estimation of the root mean square error and statistical analysis in comparison with other elevation data or field data (e.g., [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ).
The main objective of this work is to assess the quality of ASTER GDEM (the Advanced Spaceborne Thermal Emission and Reflection Radiometer) and SRTM DEMs (Shuttle Radar Topography Mission) in comparison with in situ DGPS (Differential Global Positioning System) elevation data. This would reveal the impact of DEM resolution upon the accuracy of terrain representation and topographic attributes in a relatively low relief area. The results would be valuable to determine the appropriate DEMs for a particular application, improve topographic attributes and drainage extraction, and contribute to the previous works concern the assessment of ASTER GDEM and SRTM DEMs quality.
Study Area
The study area lies on the eastern side of the River Nile between latitudes 
Data and Methods
In this study, we used different data types and methods of analysis (Figure 2 ), which can be summarized as follows:
Specifications of ASTER GDEM

ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer)
GDEM version2 is a product that is generated from a pair of ASTER Level-1A
images. This Level-1A input includes bands-3N (nadir) and −3B (after-viewing) from the visible near infra-red (NIR) telescope's along-track stereo data that is was downloaded for the study area (Figure 3 ).
Specifications of SRTM Data
The Shuttle Radar Topography Mission (SRTM) used the single-pass Interfero- Figure 3 ) was used because SRTM v3 was achieved by filling the void with elevation data obtained from ASTER GDEM version 2 and USGS GMTED 2010 elevation model or the USGS National Elevation Dataset (NED) [18] . Image data were then resampled to 30 m to be compatible with the ASTER GDEM. SRTM data can be downloaded for free via the USGS through earth explorer web site (http://earthexplorer.usgs.gov). The nominal vertical accuracy of the SRTM DEMs v2 is 16 m and horizontal accuracy is 20 m at the 90% confidence level [19] . X-band data suffers from a severe data missing problem and was therefore not used in this study.
Specifications of DGPS Data
GPS (Global Positioning System) is a satellite-based system used to locate positions on the earth surface for 24 hours/day. Differential Global Positioning System (DGPS) in specific is an enhanced GPS system provides differential corrections to GPS receiver based on a static reference station at a known location. Ever since GPS is rapidly adapted for surveying as it provides positions in three dimensions (x, y, z). Data accuracy ranges from few millimeters to few meters (~15 m) depending on equipment and procedures applied to the process of data collection.
In this study, we used Sokkia GRX2 receiver that provides 226 and superior antenna quality with Real Time Kinematic (RTK) system ( Figure 1 ). RTK system uses a single static base station receiver and a number of mobile units. The static base station was established in unobstructed view of the sky above 10 -15 degree for good satellite visibility and to provide reliable correction messages to signal delays. The base station was set up in on the ground and then working out to record GPS data over a span of time.
The base station re-broadcasts the phase of the carrier that it observes (measurements and coordinates) to the mobile receivers. The built-in software in a rover receiver combines and processes the GPS measurements collected at both the base station and the rover receivers to obtain the rover coordinates [20] . This 
Preprocessing
ASTER GDEM and SRTM tiles were obtained in a tiff format using geographic coordinate system (GCS) based on the Word Geodetic System 1984 (WGS84)
horizontal datum and the EGM96 vertical datum. Tiles projection was then transformed into UTM zone 36 using WGS84 datum as default vertical datum to be in accord with the DGPS data and to compute the relative heights. Additional processing was required for noise reduction such as fill gabs to eliminate random sinks and peaks. Such random noises are a result from the technical procedures in the DEM production processes and highly correlated with coarser resolution DEMs. A sink is a cell surrounded by higher elevation values and therefore it has undefined drainage direction or internal drainage. A peak is a cell that is extremely higher than its neighbors. In this study, the arithmetic mean filter 
Error Assessment
Quantifying vertical accuracy was normally achieved by comparing the DGPS points to the nearest SRTM/ASTER GDEM Pixel value. For the purposes of model validation and statistical analysis, stratified randomly 100 DGPS elevation points were selected with their explicit x and y coordinates. Multi-value extraction tool in ArcGIS was used to extract cell values of the specified DGPS points from the ASTER GDEM and SRTM DEMs. Therefore, cell values were extracted for each input raster and a new field contains the cell values for each input raster was appended to the input point feature class.
Then DEM validation was represented by using statistical measurements 
Error Propagation and Visualization
Effects of random errors in DEM for terrain analysis have been investigated using analytical and numerical error propagation techniques. Among the earliest works in DEM error propagation analysis, solutions for calculating standard deviation of slope and aspect was represented by [26] using the Taylor series and Monte Carlo method. In this section, we used geostatistical standard error propagation, primary constrained derivatives topographic attributes (slope and aspect) and unconstrained derivatives (catchment area and network extraction).
Benefit of running an error propagation analysis is, first and foremost, that it quantifies the uncertainty in the GIS result [27] . 
Standard Error Propagation (SE)
Standard
Slope and Aspects
The slope is derived from the first partial derivatives based on the average neighborhood approach (ANS). With the ANS method the slope is estimated by calculating the rate of change in elevation over the distance from the central cell to its eight neighbors using an average maximum approach [28] . Most of GIS Softwares (including the most used ArcGIS) calculates slope plane using a 3 × 3 kernel window to determine average rate of change in elevation along lateral directions (δZ/δY) and the horizontal direction (δZ/δX) from the central cell [29] . In this study the derivate slope ( deg θ ) was calculated in degrees using Arc-GIS software as:
where ΔX and ΔY specify the cell dimensions. The lower the slope value the flatter the terrain; the higher the slope value the steeper the terrain. that the overall RMSE of slope is 7.56˚ and 7.22˚ for ASTER GDEM and SRTM, respectively. Slope maps are presented in Figure 7 (a) using natural breaks classification (Jenks method) for better visualization since distribution of the slope data is not even. Natural break classification groups cells of the same values and maximize the differences between classes.
Aspect identifies the slope direction or direction of the maximum rate of change elevation from each cell to its neighbors. The values of the output raster will be the compass direction of the aspect. Table 4 shows that the STD is 102.6
for ASTER GDEM and 97. 
Analytical Hillshading
Analytical hillshading is used to visualize topography as shaded relief. It helps us to immediately determine major topographic reliefs such as ravines, ridges, peaks or valley. Hillshade considers both local illumination angles and shadows.
The illumination value for each raster cell is determined by its orientation to the light source. Analytical hillshade was estimated using 315˚ sun azimuth and 45˚ sun elevation. Results were calculated in radians based on slope and aspect (in radians), and then converted into degrees for better interpretation. The overall STD ranges between 17.7˚ -15.2˚ for ASTER GDEM and SRTM DEMs. It is noticeable that the calculated hillshade map from SRTM is less influenced by error propagation than the ASTER GDEM one (Table 5) . By zooming into the ASTER's hillshade map, random errors are most conspicuous in flat areas (Figure 7(d) ).
Automatic Drainage Network Delineation
ArcGIS Hydro-model was used in this study to automatically extract the drainage [33] .
Investigation of delineated stream networks depicts that automatic drainage basin delineation is very sensitive to DEM uncertainty. This is reflected on many parameters such as flow direction (Table 6 ), stream number and length (Table   7) , and their spatial pattern ( Figure 8 ).
Comparison of the spatial patterns of the two extracted drainage networks from ASTER GDEM and SRTM DEMs ( Figure 9 ) reveals poor agreement. Differences have been found to fall in the range between 30 -500 m, which means it is highly influenced by DEM resolution and threshold value. However, drainage density and stream frequency reveal relative closeness between the two drainage networks. Since they measure surface dissection and texture of the surface by streams, they are strongly influenced by hill slope processes [34] [35] . Drainage density ranges between 2.7 -2.6 km/km 2 and stream frequency is 6.06 -5.64 stream/km 2 for ASTER GDEM and SRTM, respectively.
In the lower part of the drainage basin where relative low lands are dominant, there is unrealistic stream junctions and great changes in stream courses. By zooming into the stream map we observed that some streams are truncated and isolated. Others reveal artificial breaks since they follow the gridded-structure of the DEMs [27] . 
Conclusions
In this study, we assessed the quality of ASTER GDEM ( Figure 8 , Figure   9 ). To overcome unrealistic stream network and isolated streams (Figure 9 ), drainage networks were overlaid on an optical remote sensing dataset of Landsat-8 (OLI sensor). We used data fusion technique to increase the spatial resolution from 30 to 15 m and then stream networks were manually corrected.
However, the overall RMSE of slope is 7.56˚ for ASTER GDEM and 7.22˚ for SRTM DEM. STD of slope direction is 102.6 for ASTER GDEM and 97.2 for SRTM DEM. Hillshade map extracted from SRTM is less influenced by error propagation than the ASTER GDEM. In brief, it can be concluded that SRTM DEM is relatively closer, accurate and consistent to the reference elevation data in terms of absolute accuracy than ASTER GDEM. On basis of the topographic attributes, there are slight variations between the ASTER GDEM and SRTM DEM.
